The membrane potential (⌬) of the mature asexual form of the human malaria parasite, Plasmodium falciparum, isolated from its host erythrocyte using a saponin permeabilization technique, was investigated using both the radiolabeled ⌬ indicator tetraphenylphosphonium ( 
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across their plasma membrane. In addition to participating in specialized functions (such as signal transmission in excitable cells), ⌬ plays an important role in the transport of solutes across the plasma membrane, contributing in particular to the cytosol-directed electrochemical gradients of cations such as Na ϩ and H ϩ , which energize the cotransport of nutrients and other important solutes.
The generation of ⌬ across biological membranes can occur by a number of mechanisms. In animal cells, ⌬ is primarily a "diffusion potential," arising from the diffusion of ions (predominantly K ϩ ) down their concentration gradients via membrane ion channels. In most non-animal cells, ⌬ arises from the electrogenic extrusion of an ion (usually H ϩ ) via an energyconsuming process (usually involving the hydrolysis of ATP).
The measurement of ⌬ in unicellular microorganisms is not straightforward. Their small size generally makes it impractical to measure ⌬ directly using a microelectrode, and alternative approaches are therefore necessary. A range of techniques have been developed, based on the use of radiolabeled or fluorescent lipophilic ions that distribute across the plasma membrane in accordance with ⌬. One approach is to attempt to quantify the concentration of the probe molecule in the cell cytosol, relative to that in the extracellular medium and to then calculate ⌬ directly using the Nernst equation. An alternative approach is to use the combination of an ionophore (commonly the K ϩ ionophore valinomycin, or the K ϩ and Na ϩ ionophore gramicidin) and different extracellular concentrations of the relevant ions to impose a range of known ⌬ values on the cell and to use this as a basis for obtaining a calibration curve relating ⌬ to some measurable parameter that varies systematically with probe distribution. The calibration curve may then be used to estimate ⌬ in the absence of ionophore.
Variations of these different approaches have been used to investigate the magnitude and origin of ⌬ in a number of different protozoan parasites, including Leishmania donovani (1), Leishmania major (2) , Leishmania mexicana amazonensis (3) , Trypanasoma cruzi (4, 5) , Trypanasoma brucei (6 -8) , Toxoplasma gondii (9) , and Giardia intestinalis (10) . Estimates of the resting ⌬ in these various organisms range from Ϫ58 to Ϫ134 mV. In a number of cases, the generation of ⌬ was attributed to plasma membrane H ϩ -ATPases (1-5, 8, 9) , and in some cases, there was also evidence for a contribution of other ion conductances to ⌬ (1-3, 5, 8 -10) .
In an early study of ⌬ of the intraerythrocytic form of the murine parasite Plasmodium chabaudi, Mikkelsen et al. used a radiolabeled form of the lipophilic tetraphenylphosphonium ion (TPP ϩ ) to estimate a resting ⌬ of Ϫ93 Ϯ 10 mV (11) . ⌬ was calculated directly (using the Nernst equation) from the ratio of intracellular to extracellular TPP ϩ concentrations, an approach that required an estimate of the extent to which the accumulation of the probe molecule within the parasite was due to binding to membranes and other structures within the cell. To do this, Mikkelsen et al. measured the amount of TPP ϩ taken up as a result of binding in de-energized cells (in which ⌬ was assumed to be zero) and then subtracted this amount from the amount of TPP ϩ taken up by viable cells to provide an estimate of the cytosolic concentration of TPP ϩ in the viable cells. Inherent in this approach is the assumption that the binding of TPP ϩ to intracellular sites is the same in both * This work was supported by Australian National Health and Medical Research Council Grants 122814 and 224243. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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de-energized and energized cells. For this to be the case, the intracellular TPP ϩ binding sites must be saturated at the low intracellular TPP ϩ concentrations that prevail in de-energized cells, so that when the intracellular concentration is increased in response to a membrane potential, there is no increase in the amount of binding. This is highly unlikely, and this approach will therefore tend to underestimate the amount of bound probe and thus overestimate ⌬.
In this study, we have made use of TPP ϩ as a probe of ⌬ in the mature intraerythrocytic form of the human malaria parasite, Plasmodium falciparum. Measurements were carried out in parasites "isolated" from their host cell by saponin permeabilization of the erythrocyte membrane. A calibration procedure (which included the use of the K ϩ congener 86 Rb ϩ ) was devised to enable quantitative estimation of the resting ⌬ from the TPP ϩ distribution. The method was used together with an alternative technique, based on the fluorescent anion bis-(1,3-dibutylbarbituric acid)trimethine oxonol (bis-oxonol), to investigate the mechanisms underlying the generation of ⌬ in the parasite. RbCl were obtained from Amersham Biosciences. The fluorescent ⌬ indicator DiBAC 4 (3) (hereafter referred to as bis-oxonol), and the mitochondrial dye 5,5Ј,6,6Ј-tetrachloro-1,1Ј,3,3Ј-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) were from Molecular Probes, Inc. (Eugene, OR). Saponin, bafilomycin A 1 , and carbonyl cyanide m-chlorophenylhydrazone (CCCP) were from Sigma.
EXPERIMENTAL PROCEDURES

Materials
Parasite Preparation-All experiments were carried out using either the D10 or FAF6 strains of P. falciparum at the mature trophozoite stage (36 -40 h postinvasion). The parasites were cultured in Group O, Rh ϩ erythrocytes as described elsewhere (12) , with the modification that the culture flasks were maintained on a horizontally rotating shaker. This was found to encourage synchronous parasite growth and reduce the number of multiple infections per erythrocyte. The cultures were synchronized 1-5 days before experiments by lysis of mature (trophozoite stage) parasitized erythrocytes, achieved by suspending the cells in a 5% (w/v) sorbitol solution for a minimum of 10 min (13) .
All experiments (with the exception of those giving rise to Fig. 4 ) were carried out with parasites "isolated" from their host erythrocyte by treatment with saponin as described elsewhere (12) . Saponin renders the erythrocyte and parasitophorous vacuolar membranes permeable to macromolecules (14) but leaves the parasite plasma membrane intact and able to maintain transmembrane ion gradients (12, 15) . Saponin (0.05% (w/v) final total concentration, containing 0.005% (w/v) active agent sapogenin) was added to a suspension of parasitized erythrocytes in culture medium (at 2-6% hematocrit), and the suspension was centrifuged within 60 s for up to 8 min at 1,800 ϫ g, limiting the exposure of the parasites to the saponin solution to Ͻ10 min. The supernatant solution was removed, and the parasites were resuspended in RPMI 1640 medium (supplemented with 25 mM HEPES, 10 mM glucose, 37.5 M gentamicin, and 200 M hypoxanthine) and then washed twice more by centrifugation and resuspension in the solution pertinent to the experiment. Experiments were begun within 40 min of the initial exposure of the parasites to saponin.
The experiments giving rise to Fig. 4 were carried out on intact (parasitized and nonparasitized) erythrocytes. Parasitized erythrocytes were purified by Percoll density flotation. Using a solution consisting of 66% (v/v) Percoll in phosphate-buffered saline (65.9 ml of Percoll, 9.1 ml of 10ϫ PBS, and 25.0 ml of water), infected cells were separated from uninfected cells by centrifuging at 500 ϫ g for 10 min, giving a parasitemia of 47-63%.
In all experiments, cell counts were made using an improved Neubauer counting chamber. The high Na ϩ and low K ϩ of this solution is similar to that in the cytosol of human erythrocytes infected with the mature P. falciparum trophozoite (16, 17) . At predetermined times, aliquots of the suspension (typically 0.5 ml) were transferred to microcentrifuge tubes and centrifuged at 15,800 ϫ g for 25 s, thereby sedimenting the parasites. A 100-l sample of supernatant solution was transferred to a scintillation vial for the subsequent determination of the extracellular concentration of radiolabel; the remainder of the supernatant solution was aspirated and discarded. The cell pellets were "washed" twice by the addition of an ϳ1-ml ice-cold aliquot of the medium pertinent to the experiment, followed by centrifugation (note that the densely packed parasites tended to stick together and rarely resuspended), and then solubilized with 0.5 ml of 0.1% (v/v) Triton X-100 detergent and bleached with 100 l of 12.5% (w/v) sodium hypochlorite. Water (0.4 ml) was added to bring the final volume to 1.0 ml, and the solution was then transferred to a vial for scintillation counting.
The "extracellular space" associated with the cell pellet was estimated using the K 
Rb
ϩ associated with the pellet at the time of addition, and hence the volume of extracellular solution trapped within the pellet, was estimated by extrapolation of the time course data to t ϭ 0. The extracellular water volume was 50 Ϯ 2% (ϮS.E.; n ϭ 27) of the total water volume of the pellet. On occasions when 86 Rb ϩ was not available, this figure was used to correct for trapping of extracellular radiolabel. In all calculations, the amount of Fig. 4 ) was determined using essentially the same method as outlined above.
The water volume of isolated trophozoite stage parasites (within saponin-permeabilized erythrocytes), intact parasitized erythrocytes, and normal uninfected erythrocytes (under the same conditions as used here) has been estimated as 28, 75, and 75 fl, respectively (18) , and these values were used throughout this study. and ⌬ was quantified using a calibration procedure in which isolated parasites were suspended in solutions (pH 7.1) containing 20 mM HEPES and 10 mM glucose together with 0.5-130 mM KCl and sufficient N-methyl-D-glucamine Cl for the combined concentration of K ϩ plus N-methyl-D-glucamine to be ϳ150 mM. Upon the addition of the K ϩ ionophore valinomycin, the permeability of the parasite plasma membrane to K ϩ becomes much higher than that to the other major ions present. Under these conditions, ⌬ becomes approximately equivalent
o represent the intra-and extracellular K ϩ concentrations, respectively, R is the ideal gas constant, T is the absolute temperature, and F is the Faraday constant). Rather than making assumptions about the magnitude and stability of [ Isolated parasites that, unless specified otherwise, were suspended at 2.7-4.7 ϫ 10 7 cells/ml in a solution containing 145 mM NaCl, 4.5 mM KCl with 20 mM HEPES (pH 7.1) were transferred to a cuvette, and bis-oxonol was added at a concentration of 1.5 nM. The fluorophore was excited at 492 nm, and fluorescence was measured at 515 nm. All measurements were made at 37°C, and the cells were kept in suspension with a magnetic stirrer throughout. An increase in fluorescence, resulting from increased entry of the anionic dye into the parasites, is indicative of a depolarization (i.e. the membrane potential becoming more positive). A decrease in fluorescence, resulting from increased exclusion of the dye from the parasites, is indicative of a hyperpolarization (i.e. the membrane potential becoming more negative).
The Use of JC-1 as an Indicator of the ⌬ of Subcellular Organelles-To assess the extent to which the membrane potential of subcellular organelles might have contributed to the accumulation of
ϩ under the conditions of our experiments, the cationic fluorescent dye JC-1 was used to highlight regions of negative potential within the parasite. The dye fluoresces green (ϳ525 nm) at lower concentrations, but at higher concentrations the formation of "J-aggregates" causes an emission shift to orange/red (ϳ590 nm). The loss of orange/ red fluorescence indicates the depolarization of a region of high negative potential. The dye is commonly used for the detection of mitochondrial membrane potential.
Isolated parasites were suspended in medium containing 145 mM NaCl, 4.5 mM KCl, 20 mM HEPES, and 10 mM glucose, pH 7.1, and incubated with 3 M JC-1 for 10 min. Samples were viewed with a fluorescence microscope (fitted with an H3 blue/violet filter) immediately after mounting under a coverslip.
Statistics-Statistical comparisons of the TPP ϩ distribution ratios measured under different conditions were made using one-tailed or two-tailed t tests, as appropriate. Fig. 2B.) A 30-min exposure of parasites in the same medium to the H ϩ ionophore CCCP (10 M) also caused a pronounced decrease in the estimated resting ⌬ (see Fig. 7 ). Under these conditions, however, neither bafilomycin A 1 nor CCCP induced a complete depolarization, and there remained a significant residual ⌬ (see Fig. 7 ). Ouabain, a potent and selective inhibitor of the Na ϩ /K ϩ pump of animal cells, had no significant effect on ⌬ (p Ͼ 0.05; data not shown). In order to confirm that the observed effects of bafilomycin A 1 and CCCP on ⌬ in the isolated parasites were not attributable to the parasite isolation procedure, we tested the effect of the two compounds on the accumulation of [ 3 H]TPP ϩ by intact parasitized erythrocytes. As is shown in Fig. 4 , parasitized erythrocytes accumulated [ 3 H]TPP ϩ to a much higher level than uninfected cells. Bafilomycin A 1 and CCCP both caused the accumulation of the probe within parasitized cells to decrease, consistent with their exerting the same effect on the intracellular parasite as was seen in the isolated parasite preparation. The two compounds had no effect on the uptake of [ 3 H]TPP ϩ by uninfected cells.
RESULTS
Effect of [
Effect of Glucose Deprivation and Replenishment on ⌬ -
The malaria parasite is dependent on glucose as a source of ATP; suspension of isolated parasites in glucose-free media results in a rapid depletion of ATP from the parasite (12) . In yeast, glucose deprivation results in the reversible disassembly (and hence loss of function) of the V-type H ϩ -ATPase (19) , and the same phenomenon may also occur in the parasite. In parasites suspended for 20 -30 min in glucose-free medium, the [ 3 H]TPP ϩ distribution ratio was reduced to below 20% of its normal resting value (Fig. 5A) . Upon the addition of glucose, there was a rapid repolarization of the membrane, with the [ 3 H]TPP ϩ distribution ratio undergoing a small but significant "overshoot," peaking at 5-10 min after the addition of glucose, before settling back (by ϳ20 min) to a steady, slightly lower value (Fig. 5A) . Data averaged from a number of experiments are shown in Fig. 5B .
Similar results were obtained using the fluorescent ⌬ indicator, bis-oxonol. As shown in Fig. 5C , parasites suspended in glucose-free medium showed a high level of bis-oxonol fluorescence. Upon the addition of glucose, the fluorescence decreased, consistent with the plasma membrane undergoing a repolarization. The fluorescence overshot to a minimum value (hyperpolarization) before increasing to a steady, higher value, following a time course similar to that seen in the (Fig. 2B) .
The addition of 5 mM Cs ϩ to parasites suspended in the presence of bis-oxonol caused the measured fluorescence to decrease over a period of ϳ20 min (after an initial rapid decrease due to an optical effect of CsCl on bis-oxonol fluorescence, seen both in the presence and absence of cells), again consistent with the K ϩ channel blocker inducing a membrane hyperpolarization (Fig. 6B) . Ba 2ϩ (5 mM) also caused a decrease in bis-oxonol fluorescence. However, it also induced a time-dependent aggregation of the parasites into small clumps, causing them to sediment out of the light path. This led to a secondary time-dependent change of the fluorescence signal, superimposed on the changes associated with the Ba 2ϩ -induced hyperpolarization (data not shown).
The origin of the residual ⌬ that persisted following a 30-min incubation of parasites in a low K ϩ medium containing 100 nM bafilomycin A 1 or 10 M CCCP (see above) was investigated by examining the effect of the two reagents on ⌬ in parasites suspended in medium containing high K ϩ (under which conditions the transmembrane K ϩ gradient, and hence the contribution of K ϩ to ⌬, is negligible). As shown in Fig. 7 , in the presence of either bafilomycin A 1 or CCCP, cells suspended in a solution of 145 mM K ϩ underwent a greater depolarization than those suspended in a solution of 4.5 mM K ϩ . For cells suspended in the high K ϩ medium, both compounds caused the estimated ⌬ to decrease to a value not significantly different from zero (p ϭ 0.11 and 0.07, respectively). These data are consistent with the residual ⌬ seen following the addition of bafilomycin A 1 or CCCP to parasites suspended in low K ϩ medium being due to a K ϩ diffusion potential. Effect of CCCP and Bafilomycin A 1 on JC-1 Fluorescence-As a lipophilic cation, [ 3 H]TPP ϩ might be expected to accumulate within intracellular organelles having an inwardly negative membrane potential, in particular the parasite's mitochondrion. In order to assess the extent to which the measured uptake of [ 3 H]TPP ϩ might be attributable to accumulation in intracellular organelles, we used the mitochondrial dye JC-1. Fluorescent microscopy of isolated parasites to which JC-1 had been added revealed an elongated and frequently (in more mature cells) multipartite, orange/red fluorescent structure on the green fluorescent background of the parasite (data not shown). The structure resembled images of the parasite's mitochondrion localized with rhodamine 123 (20) with mitochondrial membrane depolarization. By contrast, after the same period in the presence of 100 nM bafilomycin A 1 , the structure continued to fluoresce orange/red, consistent with the mitochondrial membrane potential being maintained.
The finding that for cells in a high K ϩ medium CCCP and bafilomycin A 1 caused the [ 3 H]TPP ϩ distribution ratio to decrease to the same very low level (Fig. 7) , while having quite different effects on the mitochondrial membrane potential, is consistent with the parasite mitochondrion not making a significant contribution to the accumulation of [ 3 H]TPP ϩ by the isolated parasites under the conditions of our experiments.
Effect of Intra-and Extracellular pH on ⌬ -The addition of sodium lactate to isolated parasites, a maneuver that results in a transient cytosolic acidification, 3 caused a transient membrane hyperpolarization (Fig. 8A) . By contrast, the addition of NH 4 Cl to isolated parasites, a maneuver shown previously to result in a transient cytosolic alkalinization (12) , resulted in a transient membrane depolarization. In parasites suspended in the presence of K ϩ , the initial transient depolarization was followed by a subsequent hyperpolarization (Fig. 8B) . When the experiment was repeated with isolated parasites suspended in K ϩ -free medium, the cells underwent a transient depolarization, after which ⌬ returned to close to its original value (Fig.  8C) . The NH 4 ϩ -induced hyperpolarization seen to follow the initial NH 4 ϩ -induced depolarization in Fig. 8B was therefore related to the presence of K ϩ in the medium. Decreasing the extracellular pH (pH o ) from 7.1 to 6.5 gave rise to a significant plasma membrane depolarization, whereas increasing pH o from 7.1 to 7.7 was associated with a significant plasma membrane hyperpolarization (Fig. 9 ).
DISCUSSION
Estimation of Parasite ⌬ Using [
3 H]TPP ϩ -The approach used here for the estimation of ⌬, using [
3 H]TPP ϩ in conjunction with a calibration procedure (based on a novel dual labeling method), has both advantages and disadvantages compared with previous approaches used for the determination of ⌬ in parasitic protozoa. The use of a calibration procedure (rather than attempting to quantify the free cytosolic concentration of the probe and thereby calculate ⌬ using the Nernst equation) avoids the need to make assumptions about the nature and extent of binding of Fig. 2A , upon the addition of ionophore to the parasites, there was a progressive dissipation of the intracellular concentration of the K ϩ marker 86 Rb ϩ . This illustrates the potential shortcomings of the commonly made assumptions about the stability of intracellular ion concentrations in cells treated with ionophores and the importance of having an independent estimate of ⌬ under the conditions of the experiment.
As with all such approaches that make use of an ionophorebased calibration procedure (whether radiolabel-or fluorescence-based), the method rests on the assumption that the variation of the measured signal (in this case [
between the different calibration samples is due solely to variation in ⌬ and that the combination of ionophore and varying [K ϩ ] does not have significant ⌬-independent effects on the measured signal. In a previous study (23) , the binding of [ 3 H]TPP ϩ to (bacterial) cell membranes was found to vary slightly with pH, whereas in at least one other study (24) it was found not to. In carrying out the present work, we did investigate the effect of pH on the binding of [ 3 H]TPP ϩ to de-energized parasites. [ 3 H]TPP ϩ binding showed a small systematic variation with pH (data not shown). The magnitude of this variation was estimated to introduce a possible error of no more than 1.6 mV into the estimates of ⌬ in those experiments in which extracellular pH was increased to 7.7 and no more than 1.8 mV into the estimates of ⌬ in those experiments in which the extracellular pH was decreased to 6.5 (see Fig. 9 ). The effect was therefore disregarded.
Another possible source of error in the method used is variation of the amount of [ 3 H]TPP ϩ taken up due to variations in parasite volume, taken here to be 28 fl (18) . The simultaneous measurement of both the 86 Rb ϩ and [ 3 H]TPP ϩ distribution ratios in the calibration procedure, with the former used to calibrate the latter, minimizes errors that might arise in the estimate of ⌬ as a result of inaccuracy in the estimate of parasite volume. Varying the parasite volume estimate (used in the calibration calculation) by Ϯ25% resulted in the estimate of the parasite's resting ⌬ varying by ՅϮ7 mV. Changes in parasite volume in response to the different conditions used will introduce errors into the ⌬ estimate. However, visual inspection (by light microscopy) of the parasites under the various different conditions tested here detected no discernible changes in parasite size within the time limits of the experiments, and this is therefore unlikely to be a source of significant error. It is, in principal, possible to measure the water volume of the isolated parasites under different conditions, using 3 H 2 O (e.g. see Ref. 18) . However, this method is not sufficiently sensitive to detect the relatively small changes that may have occurred in this study.
A further potential problem associated with the use of a cationic probe (whether radioactive or fluorescent) is its accumulation within intracellular compartments bearing an inwardly negative potential (e.g. the mitochondrion). For parasites suspended in a high K ϩ medium (in which any remnant K ϩ diffusion potential was removed), CCCP, which depolarized the mitochondrion (confirmed using JC-1), had the same effect on the distribution of [ 3 H]TPP ϩ as bafilomycin A 1 , which had no effect on mitochondrial polarization (Fig. 7) . This would suggest that, under the conditions used here, the membrane potential of the mitochondrion (or any other negatively polarized intracellular compartments) did not contribute significantly to the measured uptake of [ 3 H]TPP ϩ . The Magnitude of ⌬ in the Intracellular Parasite-The actual magnitude of the resting ⌬ of the mature P. falciparum trophozoite suspended in medium containing bicarbonate-free RPMI 1640 medium was estimated here to be in the range of Ϫ89 to Ϫ112 mV, with an average value of Ϫ95 Ϯ 2 mV. These values are within the range of those reported previously for other parasitic protozoa, including Leishmania spp. (Ϫ58 to  Ϫ113 mV (1-3) ), Trypanasoma spp. (Ϫ62 to Ϫ110 mV (4 -8) ), T. gondii (Ϫ78 mV (9) ), and G. intestinalis (Ϫ134 mV (10) ). The ϩ -induced depolarization was followed by a prolonged period of hyperpolarization, which was absent in cells suspended in medium containing no KCl (C). Each trace is from a single experiment, representative of results obtained in a minimum of three separate experiments.
FIG. 9. Effect of extracellular pH on the [
3 H]TPP ؉ distribution ratio (open bars) and on the estimated ⌬ (closed bars) in isolated P. falciparum trophozoites. Isolated parasites were suspended for Ն18 min in supplemented bicarbonate-free RPMI 1640 medium in which the pH was adjusted (using either HCl or NaOH) to 6.5, 7.1, or 7.7. [ 3 H]TPP ϩ was added ϳ10 min before sampling. ⌬ was calculated using the fitted calibration curve shown in Fig. 2B . The data are averaged from five separate experiments and expressed as a percentage of the value at pH 7.1. The error bars denote mean Ϯ S.E.
